Vol. 57 MORAR-BHANA et al. the need for screening for strain selection (Bugeme et al., 2009 ). In addition, accurate identifi cation of strains used for biological control is a prerequisite for registration and patenting so as to be able to monitor strains released into the environment and differentiate them from native strains (Castrillo et al., 1999; Hegedus and Khachatourians, 1993; Wang et al., 2005) .
B. bassiana is recognized as a species complex with morphologically identical strains having genetically diverse lineages (Hajek and St. Leger, 1993; Huang et al., 2002) . Rehner and Buckley (2005) used phylogenetic analyses of the nuclear ribosomal internal transcribed spacers (ITS) 1 and 2, and elongation factor-1 alpha (EF-1α) sequences of Beauveria strains to resolve the genus into six major clades each with at least one recognized species. More recently, Ghikas et al. (2010) analyzed the same ITS1 5.8S ITS2 domain with that of the nucleotide sequences of two mt intergenic regions and confi rmed the B. bassiana B. brongniartii groupings of Rehner and Buckley (2005) . In addition, Ghikas et al. (2010) further subdivided the B. bassiana s.l. clade on the basis of geography and climate. However, the majority of Beauveria strains found in fungal culture collections and identifi ed by nucleotide sequence data have originated from Asia, Europe and South America with strains from Africa being poorly represented in these collections.
As part of a study to develop an indigenous Beauveria sp. as an acaracide against T. urticae, we isolated three South African strains of Beauveria which were morphologically identifi ed as B. bassiana. To confi rm identifi cation of these strains and to establish their phylogenetic relationship with non-indigenous strains from different geographic regions, we amplifi ed and sequenced the ITS1 5.8S ITS2 region and analyzed the data using Fitch Parsimony and Neighbor-Joining.
Materials and Methods
Fungal strains and culture conditions for DNA extraction. Twenty-three strains of B. bassiana were procured from culture collections around the world and 20 reference taxa were obtained from Genbank (Table 1) . The three indigenous fungal strains were recovered from Galleria mellonella-baited agricultural soils near Brits and Rustenburg, South Africa and were identifi ed by the Agricultural Research Council Plant Protection Research Institute (ARC-PPRI) as Beauveria bassiana and lodged as PPRI 04305, PPRI 04306 and PPRI 04307. Galleria was found to be more suitable for baiting than mites as the larger larvae made the screening and recovery of Beauveria from the infected host more effi cient.
The three strains were inoculated onto Merck Sabouraud-dextrose agar (30 g L 1 ) with yeast extract (2 g L 1 ) and glucose (20 g L 1 ) and incubated at 25 C for 5 d. A loopful of culture from these plates was inoculated into 100 ml sterile Sabouraud-dextrose broth solutions with the same composition as the agar and incubated at 25 C for 5 d on a rotary shaker at 160 rpm. The mycelium was harvested by vacuum suction, washed three times with sterile deionized water and placed in 10 cm tissue culture Petri dishes (Corning) which were held at 70 C overnight, lyophilized for 7 h and stored at 70 C until required for DNA extraction.
DNA extraction. Genomic DNA was extracted by the protocol of Möller et al. (1992) using the modifi cations of Wang et al. (2002) . The re-suspended pellet was held at 4 C overnight and the DNA concentration determined by running the DNA extract on a 1% (w/v) agarose gel against a molecular mass ladder (Inqaba Biotec, Pretoria, 1 kb mass ruler).
DNA amplifi cation, sequencing and sequence alignment. The universal primer pairs used for amplifi cation were TW81 and AB28 described by Curran et al. (1994) . The 50 μl PCR reaction mixture contained 0.25 μmol L 1 each of the forward and reverse primers, 2 PCR buffer, 10 ng genomic DNA, 25 μmol L 1 Master Mix (Inqaba Biotec) and nuclease-free water. A Gene Amp 2700 thermal cycler was used for amplifi cation using the same parameters as Curran et al. (1994) . The controls contained no fungal DNA. The agarose gel (Sambrook et al., 1989) was visualized and photographed under UV light (Bio Doc IT System) and amplifi ed products were sequenced on an ABI Prism 310 automated sequencer for both forward and reverse DNA strands.
Electropherograms of the forward and reverse sequences for each strain were assembled into contigs, proof-read and edited manually and the consensus sequences aligned using Sequencher (version 4.1.2, Genecodes Corp.) with subsequent manual refi nement. Apomorphies were confi rmed by referring back to electropherograms. All sequences generated in the current study are deposited in Genbank (Table 1) . Nucleotides were moved to the left if alternative alignments were possible due to insertion or deletion events. Non-homologous insertions were aligned and coded separately. Non-homologous deletions were aligned together, but coded separately. All insertion or deletion events were treated as missing data. An extension to the data matrix coded each indel for pres-ence or absence. (Alignments in nexus format can be obtained from the corresponding author).
Phylogenetic analysis. Fitch parsimony analyses with rigorous heuristic searches, 100 random addition Table 1 . Beauveria sequences analyzed in this study included 20 from non-indigenous strains (indicated by * ), three from South African strains (indicated by *** ) and 20 reference taxa from Genbank (indicated by ** ). Swofford, 2002) . A strict consensus tree was computed from all equally most parsimonious (EMP) trees. The coded indels matrix was included for the phylogenetic analyses as resolution decreased considerably when indels were excluded. Branch support was estimated using bootstrap support (BS) values (Felsenstein, 1985) , based on 100 replicates using the same settings as for the general heuristics search described above. Neighbor-joining analysis using the Kimura two-parameter method (γ=0.5) constructed an alternative phylogenetic hypothesis with bootstrap values based on 200 replicates to provide confi dence estimates for tree topologies. Engydontium album was used as the outgroup taxon for both analyses.
Results and Discussion
From the aligned data matrix of 550 base pair (bp) nucleotide sequences of the ITS1 5.8S ITS2 regions of the 23 Beauveria strains and 20 reference sequences, the consensus length of the ITS1 region was 189 bp, 156 bp for the 5.8S rDNA gene region and 190 bp for the partial ITS2 region. Of the 96 variable characters, 29 were parsimony informative. In addition 57 coded indels, 13 of which were phylogenetically informative, were added to the matrix resulting in a total of 607 characters. Ingroup variability comprised 56 point mutations.
Parsimony and neighbor-joining analyses produced almost identical tree topologies that differed primarily in minimum branch lengths and bootstrap support (BS) values ( Figs. 1 and 2) . The phylogeny resulting from the neighbor-joining analysis (Fig. 2) displayed slighter higher resolution than the parsimony analysis ( Fig. 1) with a higher rescaled consistency index (RC) of 0.75. The parsimony analysis yielded 576 EMP trees of 174 steps ( RC = 0.93). In both analyses, the Beauveria strains are grouped into two well supported clades (BS values of 94% and 86%, Fig. 1; 97% and 90%, Fig. 2 ) and the outgroup, Engydontium album, is distinguished from Beauveria by 45 point mutations and 29 indels (Fig. 1) . Four point mutations in the ITS1 region support the grouping of the strains in clade 1, including four transitions (194, 198, 374 and 394) and a single transversion event (p479).
Clade 1 However, the branch supporting clades A1 and A2 is relatively weak (51% BS, Fig. 1; 56% BS, Fig. 2 ). Two strains from Norway (154/02 and 183/02), originally identifi ed as B. bassiana, are nested within B. brongniartii clade A1 with a fairly high BS (75%, Fig. 1) . The close sequence homology with the B. brongniartii reference sequences (IFO5299 and ATCC667799) indicate that the strains are, in fact, B. brongniartii. This group corresponds to the clade B of Rehner and Buckley (2005) (which they regard as a complex of a number of cryptic species spread across Eurasia), and the clade B of Ghikas et al. (2010) .
Sequenced strains from Togo (LRC 100), Spain (LRC 121), and one of unknown origin (50.771) grouped with the reference strains from Mexico (2857) and the Philippines (Bb 9023) and not with the other B. bassiana strains in clade 2 (93% BS, Fig. 1; 95% BS,  Fig. 2) . A strain from Mexico (2857) was classifi ed by Rehner and Buckley (2005) as B. cf. bassiana although it is morphologically indistinguishable from members of the clade comprising B. bassiana s. l. strains. Based on their reasoning, we regard the strains in clade 1A2 as B. cf. bassiana. Subsequently, Rehner et al. (2006) have referred to B. cf. bassiana as pseudobassiana, a group which still needs to be described and its relationship to the majority B. bassiana s. l. group assessed. Moreover, in clade 1A, B. brongniartii strains (clade A1) are placed as sister to B. cf. bassiana strains (clade A2) with only weak support (Figs. 1 and 2) . In previous studies, B. brongniartii grouped with B. bassiana (Aquino de Muro et al., 2003; Gaitan et al., 2002) . Both Rehner and Buckley (2005) and Ghikas et al. (2010) also conclude these to be sister clades. However, the current study suggests that B. brongniartii and B. cf. bassiana may be sister taxa, whilst B. bassiana (clade 2, Figs. 1 and 2 ) groups separately. The use of complementary or combined sequence analysis using ITS and additional loci such as the EF-α (Rehner and Buckley, 2005) or mt intergenic (Ghikas et al., 2010) ) regions would probably help to resolve these Fig. 1 . Strict consensus tree of 576 EMP trees (174 steps, CI= 0.9, RI= 0.93, RC=0.84) resulting from unweighted Fitch parsimony analysis of sequences of the ITS1, 5.8S rRNA gene and ITS2 regions of 23 Beauveria strains from different geographic locations together with 20 reference taxa from Genbank (bold font).
Minimum branch lengths (point mutations/ indels) are indicated above the branches and bootstrap values 50% below. Samples in clade 1 indicated by an * were previously misidentifi ed as B. bassiana. Clade 2 strains marked with # were previously identifi ed as B. brongniartii. Engydontium album served as the outgroup for the analysis.
Vol. 57 MORAR-BHANA et al. Fig. 2 . Tree constructed by neighbor-joining analysis of sequences of the ITS1, 5.8S rRNA gene and ITS2 regions of 23 Beauveria strains from different geographic locations and 20 reference taxa from Genbank (bold font) using the Kimura two-parameter method (γ=0.5).
Branch length is indicated above clades, bootstrap support below branches. Samples in clade 1 indicated by an * were previously misidentifi ed as B. bassiana. Clade 2 strains marked with # were previously identifi ed as B. brongniartii. Engydontium album served as the outgroup for the analysis. disparities between phylogenetic studies.
Two of the three South African strains (PPRI 04306 and PPRI 04307), identifi ed as B. bassiana based on morphology, are convincingly grouped in clade 1B with the reference taxon B. caledonica from Brazil (ARSEF2251). Six point mutations [positions (p) 225, 227, 234, 335, 344 and 357] support this placement. These strains are not monophyletic with the other South African strain (PPRI 04305) which is nested in clade 2-C1 ( Figs. 1 and 2) . In the absence of additional molecular information, and based on the original classifi cation of ARSEF 2251 as B. caledonica (Rehner and Buckley, 2005) we regard the two South African strains as B. sp. aff. caledonica. The current study concurs with Rehner and Buckley (2005) that B. caledonica is a species group distinct from B. bassiana. This is the fi rst report of the presence of this lineage in Africa but further molecular and morphologial analyses are required to determine whether they represent an unrecognized new species (S. E. Rehner, pers. comm.) .
Clade 2 contains the majority of strains referenced as B. bassiana and corresponds to the clades A of Rehner and Buckley (2005) and Ghikas et al. (2010) . Clade 2 comprises B. bassiana strains in four clades (C F) that are unresolved in terms of their relationship in the Fitch parsimony tree (Fig. 1) , whereas the NJ tree is fully resolved into two clades (C, D) with three clades within clade C (Fig. 2) . Within clade C1, the South African strain (PPRI 04305) groups with other B. bassiana strains from Australia (LRC 130), Bulgaria (LRC 120 IPP 63), Albania (ALB 60), Brazil (LRC 106) and Madagascar (LRC 77). These strains together with reference strains from Russia (681), Australia (ARSEF 300), the USA (OR2S2), China (Bb 126) and Kenya (IMI 386702) nested together due to a single synapomorphic transition (T-C) at p254. In clade C1 the strain LRC 130 was sequenced but also used as a reference taxon as ARSEF 300. Despite a shared point mutation in the 5.8S region, the strains in clade 1B do not group with the B. bassiana strains grouped in clade 2C (Figs. 1 and 2) . Another weakly supported clade (BS 59%, Fig. 1; 63% BS, Fig. 2 ) within clade C1 includes strains from Brazil (LRC 106) and Madagascar (LRC 77) clustered with reference taxa from China (Bb126) and Kenya (IMI386702).
Clade C2 comprises strains that are unresolved with respect to their relationships in Fig. 1, but resolved in Fig. 2, though weakly supported ( 50% BS) . Three of the supposed B. brongniartii reference taxa from Brazil (CNPMS 67, 72 and 79) are also placed in this group (Figs. 1 and 2) . Background morphological information pertaining to the reference B. brongniartii strains was unavailable from Genbank, but our phylogenetic analysis suggests that these strains, identifi ed as B. brongniartii, are actually B. bassiana. In clade C3, a strain from France (1975) and one of unknown origin (105) are strongly supported (95% BS, Fig. 1 ) in a sister grouping. In clade D, the strain from Denmark (ARSEF 4053) is grouped with the reference strain from the Kyrgyz Republic (SPTKR452) (64% BS, Fig. 1;  94% BS, Fig. 2 ) based on three indels. In the NJ tree (Fig. 2) , these two sister strains are sister to a clade with strains from China (Bb 95) and Canada (LRC 171), whereas their relationship is unresolved in the Fitch parsimony tree (Fig. 1) .
The majority of the Beauveria strains used in the current study were grouped within the well supported B. bassiana clade (clade 2, Figs. 1 and 2) , however relationships among them remain unclear as little resolution was displayed (Fig. 1) . Reference taxa (681, ARSEF 300, 733 and 1975) that nested in clade 2 in the current study were also used by Rehner and Buckley (2005) and fell within the B. bassiana clade in phylogenetic analyses. By inference from the analysis of Rehner and Buckley (2005) , we conclude that the Beauveria strains within clade 2, including the South African strain PPRI 04305, are B. bassiana s. l.
In conclusion, sequencing of the ITS1 5.8S ITS2 regions in the current study has been effective in confi rming the B. bassiana s. l., B. brongniartii, B. cf. bassiana and B. caledonica lineages within the genus Beauveria. This phylogenetic analysis also demonstrates that two of the South African strains are related to B. caledonica and are identifi ed as B. sp. aff. caledonica. This is the fi rst report of the B. caledonica lineage in Africa.
